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Twin Peaks: Spitz and Argos Minireview
Star in Patterning of the
Drosophila Egg
EGFR signaling is Argos, a secreted protein that con-
tains an EGF repeat but which acts as an inhibitor of
the EGFR (Schweitzer et al., 1995a). Interestingly, argos
expression is induced in response to EGFR activation,
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EGFR Signaling during Oogenesis
The maturation of the Drosophila oocyte requires exten-
sive collaboration between the germline cells, which
Recent reviews have highlighted the many roles played consist of the oocyte and the nurse cells, and the so-
during development by the Drosophila epidermal growth matic follicle cells, which form an epithelium around the
factor receptor (EGFR) (Perrimon and Perkins, 1997; cluster of germline cells (Figure 1, left). The follicle cells
Schweitzer and Shilo, 1997). Now the list must be ex- provide yolk to the oocyte, secrete the eggshell, and
tended to include a novel patterning activity in the ovar- transmit patterning information required for the develop-
ian follicular epithelium that transforms a single domain ment of the future embryo. Dorsal±ventral patterning of
of EGFR signaling into twin peaks of activation that are the follicle initiates during stage 8 of oogenesis, after
required for morphogenesis of the Drosophila egg shell the oocyte nucleus comes to lie at an anterior corner
(Wasserman and Freeman, 1998 [this issue of Cell ]). of the oocyte (reviewed in Ray and SchuÈ pbach, 1996).
Our understanding of the regulation of EGFR activa- mRNA encoding Gurken, another TGFa homolog, is
tion has been greatly facilitated by studies of the pat- associated with the oocyte nucleus and the protein
terning of the ventral ectoderm in the embryo and the is secreted at the oocyte membrane overlying the nu-
differentiation of photoreceptor cell clusters in the eye. cleus (Figure 1, left; Neuman-Silberberg and SchuÈ p-
In these tissues, the major activating ligand for the EGFR bach, 1996). It is not known whether Gurken is cleaved,
is Spitz, a homolog of the vertebrate EGFR ligand trans- as proposed for Spitz, or whether it acts as a membrane-
forming growth factor a (TGFa). Although Spitz is pro- bound ligand. The EGFR is expressed uniformly in the
duced as a transmembrane protein, it has been shown follicle cell layer (Sapir et al., 1998), but it is specifically
to function when expressed as a secreted protein, sug- activated by Gurken in the follicle cells opposed to the
gesting that it may be cleaved and act as a diffusible oocyte nucleus, resulting in the establishment of dorsal
ligand (Schweitzer et al., 1995b; Golembo et al., 1996a). fate in these cells. Females carrying strong mutant al-
Based on the results of genetic epistasis experiments, it leles of gurken and EGFR produce eggs in which both
has been proposed that the processing of Spitz requires the embryonic pattern and the eggshell are ventralized
Rhomboid, a novel protein with multiple transmembrane (SchuÈ pbach, 1987). The eggshell is characterized in the
domains, which has also been implicated in EGFR sig- dorsal-anterior region by the operculum, a specialized
naling. However, the mechanism of Rhomboid action region that permits the larva to exit from the egg, and
the dorsal appendages, two filamentous structures onhas not yet been defined. Acting to shape the profile of
Figure 1. Gurken Expression, EGFR Activa-
tion and Morphogenesis of the Dorsal Ap-
pendages
In all cases, anterior is at the top.
(Left) Stage 10A follicle with the dorsal side
to the right. The oocyte (ooc) is at the poste-
rior; its sister cells, the nurse cells (nc), lie
at the anterior of the follicle. The oocyte is
surrounded by an epithelium of columnar fol-
licle cells (fc). gurken mRNA is associated
with the oocyte nucleus (shaded gray) and
the protein is secreted at the dorsal-anterior
oocyte membrane (thickened line).
(Middle) Stage 10B follicle, the dorsal side is
facing out of the page. Shaded cells stain for
activated MAP kinase, indicating amplified
EGFR signaling. These two groups of cells
are presumed to synthesize the dorsal ap-
pendages. In subsequent stages of oogen-
esis, the nurse cells dump their contents into
the oocyte, resulting in a large increase in its
size and a stretching of the follicle cell layer
toward the anterior.
(Right) Mature egg, the dorsal side is facing
out of the page. The operculum (op) and the
dorsal appendages (DA) are labeled.
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either side of the dorsal midline that are presumed to anterior circumference of the follicle, reflecting the ec-
provide air to the developing embryo when the main topic expression of Gurken in the oocyte.
body of the egg is submerged (Figure 1, right). In the These results suggest a model in which the initial
ventralized eggshells produced by gurken or EGFR mu- paracrine activation of the somatically expressed EGFR
tant mothers, the dorsal appendages are either fused by germline-derived Gurken leads to autocrine amplifi-
at the dorsal midline or are completely absent. cation within the follicle cell layer through the secretion
Although the roles of Gurken and the EGFR in dorsal± of the activating ligands Vein and Spitz (mediated by
ventral patterning during oogenesis appeared to be rela- the induction of Rhomboid expression). The molecule
tively straightforward, a more complex picture arose that may put the brake on this positive feedback cycle
after the demonstration that rhomboid expression is in- is Argos, the secreted inhibitor of EGFR. Like rhomboid,
duced in the dorsal±anterior region of the follicular epi- argos is also initially expressed along the dorsal midline
thelium through an EGFR-dependent process (Ruohola- and then subsequently in two dorsal lateral domains
Baker et al., 1993). Expression of rhomboid is initiated (Wasserman and Freeman, 1998). However, the midline
during stage 9 of oogenesis in a small group of dorsal± expression domain of argos is narrower than that of
anterior follicle cells, but by late stage 10 it evolves into rhomboid, and the two phases of argos expression are
two stripes on either side of the dorsal midline. rhomboid delayed relative to the corresponding phases of rhom-
expression does not appear in the absence of EGFR boid expression.
activation, and in follicles of females mutant for K10, a Argos Splits the Signal
dorsalizing mutation in which Gurken is expressed all To explain the evolving expression patterns of rhomboid
around the anterior circumference of the oocyte, rhom- and argos and their requirement for EGFR signaling,
boid is expressed ectopically (Ruohola-Baker et al., Wasserman and Freeman propose that the high level
1993; Wasserman and Freeman, 1998). Reduction of of EGFR activation achieved by autocrine amplification
Rhomboid production by the expression of anti-sense induces the expression of Argos, which results in a local
RNA produces eggs with fused dorsal appendages, a inhibition of the EGFR, a consequent decline in Rhom-
weakly ventralized phenotype that is consistent with boid expression and therefore a decrease in Spitz secre-
reduced EGFR activity. This phenotype, together with tion (Figure 2). Cells located more laterally do not initially
the expression of rhomboid in the follicle cells, which experience inhibition by Argos and continue to partici-
receive the Gurken signal, implied that Rhomboid acts pate in autocrine signal amplification. If this model is
in the cells expressing EGFR to enhance signaling. This
correct, the distribution of EGFR activation in the follicle
is in contrast to the postulated function of Rhomboid in
cell layer should reflect the pattern of rhomboid expres-
other tissues, in which it is thought to act in the cells
sion. By using an antibody directed against the acti-responsible for producing the activating signal.
vated, diphosphorylated form of MAP kinase (Gabay etSpitz and Vein Are Required for
al., 1997), an essential downstream effector, WassermanEggshell Morphogenesis
and Freeman were able to monitor EGFR activity directlyThe proposed role of Rhomboid in facilitating Spitz pro-
without relying on potentially indirect changes in genecessing in other tissues suggested the alternate possi-
transcription. Activated MAP kinase is indeed first visu-bility that Spitz is the target of Rhomboid function in
alized in a dorsal group of follicle cells, and then subse-the follicle cells (Wasserman and Freeman, 1998). In
quently in two domains on either side of the dorsal mid-contrast to Gurken, a role for Spitz in oogenesis had
line (Figure 1, center). In the follicles of females withnot been detected previously, in part because it is not
reduced EGFR signaling, which produce eggshells withpossible to obtain viable adult females that are homozy-
fused dorsal appendages, only a single population ofgous mutant for null alleles of spitz. To address the
stained cells is detected. This implies that the dorsalquestion of whether Rhomboid and Spitz are expressed
appendages are formed by the cells with the highestin the same cells, Wasserman and Freeman (1998) gen-
levels of EGFR signaling, and that central inhibition iserated females with mosaic follicles containing clones
required to shift the position of the dosal appendagesof spitz-null follicle cells. The eggs produced by these
to either side of the midline. If Argos is responsible forfemales showed fusion of the dorsal appendages, indi-
the central inhibition and consequent division of thecating that spitz expression in the follicle cell layer is
signaling domain, follicles lacking argos expressionrequired for proper positioning of the two dorsal ap-
should exhibit a single peak of EGFR activation thatpendages. The similarity in the eggshell phenotypes pro-
does not undergo twinning. Although Wasserman andduced by females mosaic for spitz and those with re-
Freeman did not examine the distribution of activatedduced rhomboid function implies that the two genes act
MAP kinase in follicles lacking Argos function, they didin the same pathway, and suggests that the function of
show that females with argos mutant follicle cell clonesrhomboid may be to bring about localized processing
produce eggs with fused dorsal appendages. This im-of Spitz in the follicular epithelium.
plies that in the absence of Argos, the dorsal append-Wasserman and Freeman also determined the ovarian
ages are formed by a single population of cells locatedexpression pattern of Vein, a newly identified ligand for
along the dorsal midline, consistent with a failure to splitthe Drosophila EGFR that is homologous to Neuregulin,
the activation domain.a secreted ligand for the vertebrate EGFR. Like rhom-
A Novel Patterning Mechanismboid, vein is initially transcribed in a small group of dorsal
These findings are particularly exciting as they demon-cells and resolves to form two stripes on either side
strate a previously undescribed pattern-forming mecha-of the dorsal midline. Again like rhomboid, in EGFR or
nismÐthe evolution of two peaks of activity from angurken mutants expression of vein is lost, while in folli-
cles mutant for K10, expression expands around the initial single source (Figure 2). In other tissues, the same
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Figure 2. Model for Spitz/Argos-Mediated EGFR Signaling in the Follicular Epithelium
Key at the left indicates the symbols for each molecule. The blue color indicates level of EGFR activation, with the darkest color being the
highest. Gurken is shown here as a transmembrane protein, although this has not been demonstrated. The presence of Rhomboid and Argos
intracellularly indicates the onset of transcription. In stage 11, the middle cell retains Rhomboid protein in its membrane, but is no longer
transcribing rhomboid RNA.
cassette of genes, spitz, rhomboid, EGFR, and argos, A more significant difference, however, may be the
degree of differentiation of the follicle cells that expressacts to produce a concentric gradient of activity with
highest levels at the center. In the development of photo- argos. In other tissues, the expression of argos is
thought to occur after the cell has already begun toreceptor clusters in the eye, for example, spitz is initially
expressed in the R8 cell, the first photoreceptor cell to differentiate in response to EGFR activation and no
longer requires receptor signaling. Wasserman anddifferentiate, which leads to the activation of the EGFR
in the R2 and R5 cells and the consequent expression Freeman suggest that the dorsal follicle cells may re-
quire prolonged EGFR activation before committing toof spitz and argos in these cells (reviewed in Freeman,
1997). This pattern is continually repeated within the a path of differentiation. It has been demonstrated that
exposure of EGFR-expressing cells to Argos, even inommatidium, resulting in sequential exposure of more
and more distant cells to activating ligand. Mosaic analy- the presence of high amounts of Spitz, results in a rapid
decrease in receptor activity (Schweitzer et al., 1995a;sis in the eye has demonstrated that Argos can act a
distance of approximately 10±12 cell diameters from its Golembo et al., 1996b). Thus, if the dorsal follicle cells
remain susceptible to reductions in EGFR signaling,site of expression, whereas Spitz has a more limited
range of 3±4 cell diameters. Thus, if Spitz and Argos their expression of Argos will lead to self-inhibition and
a resulting central depression in the field of EGFR activa-are secreted by the same source, the net result will be
stimulation of nearby cells and inhibition of those that tion. It is interesting to note that during the development
of the eye and the embryonic ventral ectoderm, the intiallie at a distance. In contrast, in the follicle, the central
cells are inhibited while more distant cells experience sources of Spitz, the R8 cell and the ventral midline,
respectively, do not require EGFR signaling for their ownenhanced stimulation. One possible explanation for this
difference would be a reversal in the relative ranges of differentiation (Golembo et al., 1996a; Dominguez et al.,
1998).action of Spitz and Argos. The factors that control the
diffusion of these molecules are unknown, although Points versus Peaks
In addition to specifying dorsal±ventral polarity, Gurken/there is evidence that the range of Spitz activity can be
modulated (Gabay et al., 1997). In addition to differences EGFR signaling also determines the anterior±posterior
axis of the follicle. However, although Gurken-mediatedin tissue architecture, the membrane concentration of
the EGFR itself, as well as the presence of other mole- activation of the EGFR in the posterior follicle cells is
required to define the posterior pole of the follicle, eggscules that interact with the receptor, such as Vein and
Argos, may determine whether or not secreted Spitz derived from follicles lacking rhomboid, spitz, or argos
expression show no posterior defects (Wasserman andis rapidly bound by the receptor, thereby limiting its
diffusion. Freeman, 1998). Wasserman and Freeman propose that
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Schweitzer, R., and Shilo, B.-Z. (1997). Trends Genet. 13, 191±196.autocrine amplification is not necessary for anterior±
Schweitzer, R., Howes, R., Smith, R., Shilo, B.-Z., and Freeman, M.posterior polarity because it requires only the differenti-
(1995a). Nature 376, 699±702.ation of a point (the posterior pole), whereas the posi-
Schweitzer, R., Shaharabany, M., Seger, R., and Shilo, B.-Z. (1995b).tioning of the dorsal appendages is dependent on the
Genes Dev. 9, 1518±1529.evolution of twin peaks of activation from a single
Wasserman, J.D., and Freeman, M. (1998). Cell 95, this issue,source. The oocyte is normally located at the posterior
355±364.pole of the follicle, and during stages 2±6 Gurken signals
to all the follicle cells (z200) that are in contact with the
oocyte at this time (GonzaleÂ z-Reyes and St. Johnston,
1998). In follicles in which the oocyte is mislocalized to
the middle of the egg chamber, the follicle cells lying
over the oocyte do not take on a posterior fate. This
suggests that the ability of the follicle cells to undergo
posterior development in response to EGFR activation
is dependent upon their prior exposure to a signal that
defines them as terminal as opposed to main body cells.
Another significant difference between the posterior and
dorsal±ventral follicle cells is the length of time they are
exposed to the Gurken signal. The follicle cells secrete
the vitelline membrane, the inner layer of the eggshell,
in stage 10B, fairly soon after the induction of EGFR
activation in the dorsal follicle cells. Formation of the
vitelline membrane could potentially interfere with Gur-
ken signaling to the follicle cells, particularly if Gurken
acts as a membrane-bound ligand. Thus, the limited
access to ligand requires that prolonged receptor acti-
vation in the dorsal follicle cells be dependent upon the
induction of the autocrine amplification loop.
Morphogenesis of the eggshell requires paracrine ac-
tivation by Gurken, positive feedback through Rhom-
boid and Spitz, self-inhibition by Argos, and possibly an
autoactivating loop involving Vein as well. The reader
may wonder why the fly goes to so much trouble to
pattern the eggshell, when embryos developing in eggs
with fused appendages appear to suffer no deleterious
effects. Although eggs laid on an agar plate in the lab
may do fine, eggs laid in the ªwild,º such as on the over-
ripe banana in your kitchen, may find themselves sinking
into the muck, and then those twin peaks and the re-
sulting dorsal appendages may come in quite handy.
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